Introduction {#sec1}
============

*Porphyromonas gingivalis*, a Gram-negative black-pigmented anaerobe, has been implicated as one of the major causative agents of adult chronic periodontitis.[@bib1], [@bib2] This bacterium colonizes the gingival sulcus via fimbriae, which attach to the gingival epithelial cells, salivary component proteins, and other subgingival plaque microorganisms. A major constituent of fimbriae is fimbrillin (FimA), which is encoded by the *fimA* gene classified into six genotypes (I--V, Ib).[@bib3], [@bib4], [@bib5], [@bib6] Although the fine biochemical properties of fimbriae in each FimA type remain to be characterized, it has been reasonably suggested that fimbrillin types are closely related to pathogenetic potentials of this bacterium. Actually, epidemiological studies have demonstrated a high prevalence of type II *fimA P. gingivalis* from regions of adult periodontitis, indicating that this type is disease-associated. On the contrary, *P. gingivalis* with type I *fimA* has been predominantly found in periodontally healthy subjects, and then it is considered as a less pathogenic or non-disease-associated strain.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10] It has not been clarified, however, what kinds of milieu or circumstances induce colonization of the pathogenic bacterial type. To address these issues, investigation of occurrence of *P. gingivalis fimA* types in the oral cavity of both healthy children and adults is worthwhile.

The *fimA* isoform genes are composed of 1,152--1,167 bp with a 43--85% amino acid sequence identity.[@bib11] Four of six *fimA* genotypes, i.e., II, III, IV, and V, can be simply identified by one-step PCR, while discrimination between type I and Ib requires an additional restriction test with *Rsa*I[@bib6] or DNA sequencing[@bib12] of the PCR products, which makes *fimA* genotyping rather laborious. In addition, the previous data (0--37%)[@bib13], [@bib14], [@bib15], [@bib16], [@bib17] on *P. gingivalis* occurrence in healthy children are quite controversial, although colonization of the bacterium seems to initiate at the early stage of primary teeth eruption.[@bib13] These differences in the occurrence have been likely caused by limitations in the amounts of specimens obtained or the PCR procedures used for detection in previous studies.

In the present study, we established one-step PCR genotyping methods of all six *P. gingivalis fimA* types, which were combined with a nested PCR procedure to identify *fimA* types with untypeable specimens by the first PCR. Using these procedures, prevalence of *P. gingivalis* and their *fimA* types in periodontally healthy Japanese children were evaluated. In addition, the possibility of guardian-child transmission of the organism was assessed.

Materials and methods {#sec2}
=====================

A total of 132 children (71 males, 61 females, 2--12 years, 4.8 ± 0.2 years, mean ± S.D.), consulting the Department of Paediatric Dentistry of Iwate Medical University Dental Clinical Center, were selected for participation. The design of the study and procedures for obtaining informed consent were approved by the Ethics Committee of Iwate Medical University School of Dentistry (Approval no. D-01163). They were systemically healthy and showed no signs of gingival inflammation. The decay-filling-teeth (dft) rate was 16.7 ± 2.1%. Dental plaque specimens were collected from all primary teeth as well as subgingival locations when possible with sterilized instruments. To investigate bacterial transmission, subgingival dental plaque specimens were also obtained from the first molar of 19 mothers (35.2 ± 1.4 years) of the 20 *P. gingivalis*-positive children, including two sisters. Probing depths were \<4 mm in all children and mothers, and none of the subjects had received professional dental cleaning or antibiotic medication in the three months prior to the examination. All plaque specimens were immediately suspended in 1 ml of sterilized phosphate buffered saline (pH 7.4), and then stored at −30 °C until use. As controls, subgingival plaque specimens were collected from four periodontally healthy adults not related to the children (3 males, 1 female; mean age = 29 years).

*P. gingivalis* ATCC 33277 (*fimA* type I, PGN_0180),[@bib18] 16-1 (type Ib, [AB058848](ncbi-n:AB058848){#intref0010}),[@bib6] HW24D1 (type II, [D17797](ncbi-n:D17797){#intref0015}),[@bib4] ATCC 49417 (type III, [KF770043](ncbi-n:KF770043){#intref0020}),[@bib19] W83 (type IV, [AB795788](ncbi-n:AB795788){#intref0025}),[@bib20] and HNA99 (type V, [AB795792](ncbi-n:AB795792){#intref0030}),[@bib12] as well as *Streptococcus mutans* ATCC 25175 (as a negative control) were grown as previously described.[@bib21], [@bib22], [@bib23] Genomic DNA was purified from clinical specimens and the bacterial cells using a genomic DNA purification kit (Promega, Madison, WI, USA), according to the manufacturer\'s instruction. The concentration of DNA dissolved in 10 mM Tris--HCl (pH 8.0) and 1 mM EDTA was determined by a Micro-Volume UV/Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and finally adjusted to 10 ng/μl. Total amount of DNA recovered from a specimen was 600 ng in average. DNA sample was divided into two or three tubes and stored at −80 °C until use.

The existence of bacterial DNA in the samples was initially confirmed by detection of the eubacterial 16S rRNA gene with DNA (1 ng) and a set of primers ([Table 1](#tbl1){ref-type="table"}) using AmpliTaq Gold 360 PCR Master Mix (Thermo Fisher Scientific). Subsequently, *P. gingivalis* prevalence was examined with a set of primers for the *P. gingivalis* 16S rRNA gene, and then *fimA* genotypes were investigated with a set of genotype-specific primers, including a novel set of primers to distinguish types I and Ib. The amplification cycles were as follows: 15 min at 95 °C for initial heat activation; and then a cycle for 15 s at 95 °C, 15 s at 58 °C, and 45 s at 72 °C. The number of PCR cycles was 30 for eubacterial and *P. gingivalis* 16S rRNA, *fimA* types II and V genes, and 40 for *fimA* types I, Ib, III, and IV genes.Table 1Primers and PCR conditions used in this study.Table 1TargetPrimerSequence (5′ -- 3′)Length (bp)Ta (°C)Elongation period (s)Reference16S rRNA^a^16S-FGGATTAGAGTTTGATCCTGGC7285540[@bib24]16S-RTACCTTGTTACGACTTPg 16S rRNAPg 16S-FTGTAGATGACTGATGGTGAAAACC1985815[@bib25]Pg 16S-RACGTCATCCCCACCTTCCTC*fimA*^b^fimA uni-FAAGTTTTTCTTGTTGGGACTTGC1,2195845This studyfimA uni-RAACCCCGCTCCCTGTATTCCGA*fimA*\
type I^c^fimA I&Ib-FCTGTGTGTTTATGGCAAACTTC1735815This studyfimA I-RTTATTCTTAGGCGTATAATTGC*fimA*\
type Ib^d^fimA I&Ib-FCTGTGTGTTTATGGCAAACTTC1735815This studyfimA Ib-RTTATTCTTAGGCGTATAACCAT*fimA*\
type IIfimA II-FGCATGATGGTACTCCTTTGA2925815[@bib26]fimA II-RCTGACCAACGAGAACCCACT*fimA*\
type IIIfimA III-FATTACACCTACACAGGTGAGGC2535815[@bib25]fimA uni-RAACCCCGCTCCCTGTATTCCGA*fimA*\
type IVfimA IV-FCTATTCAGGTGCTATTACCCAA2495815[@bib25]fimA uni-RAACCCCGCTCCCTGTATTCCGA*fimA*\
type V^e^fimA V-FTGGAACGAATACGCCTGAAGGA1666015This studyfimA uni-RAACCCCGCTCCCTGTATTCCGA[^2][^3][^4]

When a *fimA* genotype was not identified by the first PCR despite of positive for the *P. gingivalis* 16S rRNA gene, the two-step PCR procedure (nested PCR) was applied: At first, a DNA fragment was amplified with a set of *fimA* universal primers (fimA uni-F and fimA uni-R corresponding to *P. gingivalis* W83 genome 2237849--2237871 and 2239047--2239068, respectively) designed for common sequences among the six *fimA* genes using 40 cycles. Secondly, after purification of the products with Nucleo-spin gel and a PCR clean-up kit (Takara Bio, Kusatsu, Japan), the *fimA-*specific PCR was performed with an aliquot (1 μl) of the eluent containing the DNA fragment. Resultant PCR products were subjected to agarose gel electrophoresis using a 0.9% gel, and DNA stained with ethidium bromide was detected at 302 nm by use of ChemiDoc XRS Plus (Bio-Rad) Super Cool CCD Camera (resolution 1,392 × 1,040 pixels). PCR analysis for the *P. gingivalis* 16S rRNA gene and *fimA* genotyping was performed at least three times with each sample.

Results {#sec3}
=======

The specificity and sensitivity of PCR targeting *P. gingivalis* 16S rRNA gene was evaluated using genomic DNA purified from six *P. gingivalis* strains harboring every *fimA* type gene and from four periodontally healthy adults as controls. DNA amplicons were observed with a detection limit of 1 pg of DNA corresponding to approximately 4,000 bacterial cells ([Fig. 1](#fig1){ref-type="fig"}, lane 2, representative data on type I), while no PCR product was demonstrated even with 10 ng of DNA samples from the controls ([Fig. 1](#fig1){ref-type="fig"}, lanes 6--9) or *S. mutans* (data not shown). Similarly, precise specificity and detection limits of 1 pg were demonstrated on the remaining five *fimA* types (data not shown).Figure 1**Sensitivity of PCR for the *P. gingivalis*-specific 16S rRNA gene**. PCR was performed with a set of primers and genomic DNA from *P. gingivalis* ATCC 33277 Lane M: 100-bp ladder; lane N: without DNA; lanes 1 to 5: 0.1, 1, 10, 100, and 1,000 pg DNA, respectively; lanes 6 to 9; 10 ng of DNA specimens obtained from periodontally healthy subjects.Figure 1

Since the discrimination between *fimA* types I and Ib by PCR has not been established yet, we newly designed PCR primer sets ([Table 1](#tbl1){ref-type="table"}). First, PCR with the *fimA*-universal primers provided amplicons in all six *fimA* types with a detection limit of 10 pg ([Fig. 2](#fig2){ref-type="fig"}A, representative data on type I). Secondly, the *fimA* type-specific PCR discriminated types I and Ib as well as the other types. This procedure provided detection limits of 10 pg of DNA from types Ib, II, III, IV and V, and 100 pg from type I ([Fig. 2](#fig2){ref-type="fig"}B). No amplification was observed even with 5 ng of DNA from non-corresponding *fimA* types. Hence, it was concluded that the present procedure was suitable to define all *fimA* genotypes. The variation in detection limits deemed to be inevitable due to the difference in annealing temperatures of PCR reactions, which were set to avoid cross amplification.Figure 2**Determination of *fimA* types by PCR**. (A) PCR was performed with a set of *fimA-*universal primers. Lanes 1 to 5: 0.1, 1, 10, 100, and 1,000 pg DNA from *P. gingivalis* ATCC 33277, respectively; lanes 6 to 11: 5 ng DNA from ATCC 33277 (type I), 16-1 (type Ib), HW24D1 (type II), ATCC 49417 (type III), W83 (type IV), and HNA99 (type V), respectively. (B) PCR was performed with a set of *fimA* type-specific primers. Lanes 1--5: 0.1, 1, 10, 100, and 1,000 pg of corresponding DNA, respectively; lanes 6 to 11; 5 ng of DNA from types I, Ib, II, III, IV, and V, respectively.Figure 2

Dental plaques were collected from 132 children (2--12 years old, mean age = 4.8 ± 0.2), and then genomic DNA was purified. The presence of bacterial DNA was confirmed by eubacterial 16S rRNA PCR in all samples, and the prevalence of *P. gingivalis* was found to be 20 of the 132 subjects (15.2%, mean age 5.1 ± 0.6 years). Among the *P. gingivalis-*positive specimens, *fimA* types were identified in 15 ones consisting of ten single and five multiple colonization (First PCR in [Table 2](#tbl2){ref-type="table"}) as follows; type IV was found in five subjects, type I and multiple colonization with type I and IV were detected in three each, and type II was detected in two subjects. Coexistence of type I with either Ib or III was found in two subjects.Table 2*fimA* genotypes in the 20 *P. gingivalis-*positive children.Table 2*fimA* typeDetection *n*Total detection\
*n* (%)Prevalence\
*n* (%)First PCRSecond PCR[a](#tbl2fna){ref-type="table-fn"}**Single** I33 (15.0)10 (35.7) Ib011 (5.0)3 (10.7) II22 (10.0)2 (7.2) III011 (5.0)3 (10.7) IV516 (30.0)10 (35.7) V00 (0)0 (0)Subtotal10313 (65.0)Total28 (100.0)**Multiple** I, Ib112 (10.0) I, III11 (5.0) I, IV33 (15.0) I, III, IV011 (5.0)Subtotal527 (35.0)Untypeable500 (0)[^5][^6]

Even on three trials, the *fimA-*type of the remaining five *P. gingivalis*-positive samples (25%) was not identified. Accordingly, for these samples, a two-step PCR procedure (nested PCR) was applied, and all *fimA* types were identified as three single and two multiple colonization (Second PCR in [Table 2](#tbl2){ref-type="table"}). To summarize the data of 20 *P. gingivalis*-positive subjects, single-strain colonization was found in 13 (65.0%) subjects and seven (35.0%) had multiple colonization, while *fimA* types I and IV were the most frequently detected (37.0% each), followed by Ib and III (11.1% each), and II (7.4%). None of the specimens had type V.

To investigate the possibility of guardian-child transmission of *P. gingivalis*, 19 mothers (35.2 ± 1.4 years) of the 20 *P. gingivalis*-positive children, including a sib pair, generously provided dental plaques for investigation. In the present cases, none of the guardians, who were all mothers taking their children to the hospital, showed symptoms of periodontal disease. Among them, 21.1% of the subjects (nos. 2, 3, 14, 15 in [Table 3](#tbl3){ref-type="table"}) were *P. gingivalis*-positive; *P. gingivalis* harboring *fimA* type II (n = 2), type IV (n = 1), and a combination of types I and II (n = 1) were observed. As for the bacterial transmission, occurrence of the common *fimA* types I and IV was observed in only two mother and child pairs (nos. 2 and 14), which suggests that maternal transmission of the organism is infrequent in the present subjects.Table 3*P. gingivalis fimA* types of the child and mother subjects.[a](#tbl3fna){ref-type="table-fn"}Table 3ChildMotherSubject no.Age (y)Sex*fimA* type*fimA* type17MI, IIIND25FI, **IVIV**35F*IV*II47MIIND53FIVND69FI, IbND72F*I, III*, *IV*ND86FIVND95FIVND104FIVND113MIIND1210MIND133M*III*144F**II**, II159MIII162M*I*, *Ib*ND173MIVND182FI, IVND192M*Ib*ND2010MI, IVND[^7][^8]

Discussion {#sec4}
==========

This study presented the novel PCR procedure identifying all six *P. gingivalis fimA* genotypes in limited amounts of dental plaque specimens. *fimA* types I and Ib were successfully distinguished for the first time by one-step PCR. The newly designed primer-sets consisted of the common forward primer and two distinct reverse primers. The detection limits ranged from 10 to 100 pg of DNA, corresponding from 40,000 to 400,000 bacterial cells. By this procedure, the prevalence of *P. gingivalis* in healthy children was unambiguously determined as 15.2% (mean age = 5.1 ± 0.6 years old; range: 2--10 years), with no symptom of gingival inflammation. There was no statistical significance (*p* = 0.455, paired *t* test) between the mean age and gender between the *P. gingivalis*-positive (5.1 ± 0.6, 10/10) and those of the negative subjects (4.6 ± 0.2, 61/51). Of note, four subjects aged 2 years were positive, suggesting early colonization of this organism to the oral cavity. This figure of *P. gingivalis* prevalence was higher than those in previous examinations ranging from 0 to 6.3%.[@bib14], [@bib15], [@bib17] This difference may be caused by their limitations in the amounts of samples and the PCR procedures. Therefore, the present *fimA-*specific PCR procedure that includes sampling of dental plaque specimens, purification of genomic DNA, and PCR methods seems to provide accurate colonization profiles of *P. gingivalis* particularly in young children with primary teeth with poorly developed dental plaques.

Untypeable specimens have been also observed frequently (4--33%) in *P. gingivalis*-positive adults patients possibly because of altered detection limits of *P. gingivalis* and *fimA* PCR analyses.[@bib6], [@bib27], [@bib28] The present first PCR genotyping also resulted in five untypeable specimens (25.0%). To address their types, the two-step (nested) PCR was established. Consequently, *fimA* types I and IV were shown to be predominant (37.0% each), whereas the prevalence of type II was 7.4%. In addition, all cases of multiple colonization possessed type I *fimA* along with other *fimA* types. FimA types seem closely related to the bacterial pathogenicity. It was previously reported that periodontitis was associated with the occurrences of type I \[odds ratio (OR) 0.16\], type III (OR 1.96), type IV (OR 13.87), type V (OR 1.40), but much more significant with type II (OR 44.44).[@bib7] Thus, the present results indicated that non-disease-associated or lower pathogenic *P. gingivalis fimA* type I as well as type IV represents an earlier colonizer in the oral cavity. Similarly, predominant occurrence (50.7--100%) of *fimA* type I in periodontally healthy adults has been reported.[@bib6], [@bib7], [@bib8] Therefore, colonization of non-disease-associated *P. gingivalis* in the oral cavity may widely occur, leading no symptoms of periodontal inflammation. If this truly occurred, microbiological properties or pathogenicity might change among *P. gingivalis* strains harboring different fimbriae. We previously reported on activities of endo- and exo-peptidases that are considered to be its virulence factors in the strains. However, no significant relation of Lys- and Arg-gingipain activities and four kinds of dipeptidyl peptidase activities to *fimA* types was observed among the eight strains.[@bib22], [@bib29] It is of interest to assess host circumstances and microbial factors that could be responsible for colonization of disease-associated *P. gingivalis* strains.

All *P. gingivalis*-positive child subjects were taken to the hospital by their mothers, and then the possibility of bacterial transmission from mother to child was examined. *P. gingivalis* was detected from child subjects aged 2--10 years, and thus the bacterium transmission from mother to child seemed to be likely. All the mother subjects were periodontally healthy (pocket depth \< 4 mm) and the occurrence of *P. gingivalis* was 21.1% (4/19). This degree of prevalence was in approximate agreement with earlier studies of healthy adults, in which the prevalence was 16.8--23.1%.[@bib1], [@bib8], [@bib10] In addition, among four *P. gingivalis*-positive mother-child pairs, *fimA* type IV in subject no. 2 and *fimA* type I in no. 14 were coincidently detected, whereas subtypes of the other two pairs nos. 3 and 15 were different. Therefore, although the subject size was small and other family members had not been examined in this study, the present results suggest that *P. gingivalis* transmission scarcely occurred in our mother-child pairs, but it could be transferred from other family members.

Tuite-McDonnell et al.[@bib30] previously reported the prevalence of *P. gingivalis* and its vertical transmission among 564 members of 104 multigeneration families, in which the prevalence ranged from 50% in the great grandparents to 27.1% among children. Concordance in colonization was more frequently observed within entire families (*p* = 0.0000) and for spouses (*p* \< 0.001), children and their mothers (*p* \< 0.001), children and their fathers (*p* \< 0.01). These data, therefore, indicated that *P. gingivalis* is commonly transmitted by contact with infected family members. Contrarily, in a smaller study with 78 subjects in 31 families, in which colonization was examined by culture, it was found that transmission of *P. gingivalis* between spouses was observed but its parent to child was limited.[@bib31] Since the higher prevalence (15.2%) of *P. gingivalis* in the child dental plaques was observed herein in contrast to previous figures (3.2--5.0%),[@bib15], [@bib27], [@bib31] we considered that *P. gingivalis* may be commonly acquired during childhood from colonized family members, and that it may also be transferred later in adults.

Vertical transmission of another periodontal bacterium, *Actinobacillus actinomycetemcomitans*, was estimated between 30% and 60%,[@bib32] and coincidence of the bacterium-positive parents and their children took place in 32% of family, suggesting more frequent vertical transmission than *P. gingivalis*.[@bib31], [@bib32] These observations may suggest different environmental circumstances or the host oral homeostasis to allow the growth of *P. gingivalis* and *A. actinomycetemcomitans*. In addition, the cumulative meta-analysis demonstrated significant mother-to-child transmission of *S. mutans*, a pathogen of dental caries.[@bib33] This difference in transmitting routes may reflect the properties of *S. mutans* and *P. gingivalis* as initial and late colonizers, respectively.

In conclusion, this study is the first to establish a single-step PCR method for identification of *fimA* type I and Ib, and demonstrated that occurrence of *P. gingivalis* in Japanese children was 15% and non-disease-associated *fimA* types I and IV were predominant. These results indicate that colonization of this organism into the oral cavity may start in early childhood without showing any periodontal inflammation.
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[^1]: Present address: Department of Oral Hygiene, Kansai Women\'s College, Kashiwara, Osaka, Japan.

[^2]: ^a^Universal primers for eubacterial 16S rRNA gene.

[^3]: ^b^Universal primers for *fimA* types were designed based on the DNA sequences (refs.[@bib18], [@bib20]).

[^4]: ^c,\ d,\ e^ Based on the sequences of refs.[@bib6], [@bib12], [@bib18], respectively.

[^5]: The *fimA* genotypes of 20 *P. gingivalis*-positive children among the 132 investigated subjects were identified by one-step PCR (first PCR).

[^6]: Five samples untypeable in the first PCR were further subjected to a nested PCR assay (second PCR).

[^7]: Subjects no. 12 and 13 are a sib pair. *fimA-*types shown in *italics* were determined by nested PCR, while those in bold were identical in a mother and child pair. Four mothers were *P. gingivalis*-positive shown in shadow backgrounds. ND: not detected.

[^8]: Transmission between mothers and children shows no statistical significance.
